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Abstract 
The objective of this study is to investigate the interaction of a bluff body with a downburst 
flow and assess qualitatively its difference with synoptic atmospheric boundary flows. 
Numerical investigation of the flow field using CFD analysis was carried out for four 
different downburst sizes (h/D=1, 1.2, 2, 4) under suitable boundary conditions subjected to 
constant jet velocity. The downburst-structure interaction study was conducted for three jet 
diameters (h/D=1, 1.2, 4) and two radial locations from the downburst center.  
The results showed that the downburst size greatly dominates the characteristics of the flow. 
The largest downburst resulted in the highest velocity magnitude near the ground and also 
covered a larger area radially and vertically compared to the smaller downburst.  All surface 
pressure coefficients obtained from the cube placed directly below the downburst center were 
higher for the larger downburst. The cube placed at a radial distance was engulfed partially 
for the smaller and fully for the larger downburst, resulting in pressure distribution similar 
with synoptic flow case for the latter.  
Keywords 
Downburst, atmospheric boundary layer, CFD, bluff body, wind-structure interaction, 
pressure coefficient, building 
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Chapter 1  
1 Introduction 
1.1 Overview 
Thunderstorm downbursts are becoming a major topic of research in the field of wind 
engineering as they have been found responsible for near ground, high gust wind speeds 
occurring in several parts of the world. For example, majority of wind included damages 
in the interior of North America are caused by non-synoptic wind i.e. due to downburst 
and tornado. In spite of the fact that thunderstorm downbursts produce wind pattern 
different than the ABL (atmospheric boundary layer), no provisions exist in the current 
building code standards. There exists limited study compared to ABL flows. 
Fujita (1985) has defined downburst as a strong downburst or column of descending air 
inducing an outbreak of damaging winds on or near the ground. When this descending air 
reaches the ground, it violently bursts out and instantaneously changes direction and 
produces a high wind peak near the ground surface. On the other hand, ABL wind does 
not reach its peak wind speed until it is much higher than the earth’s surface. This 
difference in the two wind system results in different load cases on high as well as low 
rise structures. Hence, downburst wind system is of interest for design of civil 
engineering structures in addition to commonly considered ABL flows. 
 Various experimental as well as numerical studies have been carried out to study the 
characteristics of downburst winds and its impact on structures. Due to limitations in 
experimental facilities that can generate non-synoptic, most previous studies were carried 
out computationally. There is also a concerted effort by the wind engineering community 
in experimental capacity development to produce non-synoptic winds in a controlled 
environmental setup. At the forefront of this effort is the Western University’s WindEEE 
Dome which was recently completed at the time of writing this thesis. Other facilities 
such as those at the Iowa State, Texas-Tech and Koyoto University are also noteworthy.  
At the present stage of numerical modeling it is common practice to use experimental 
results to validate the computational analysis. Nevertheless, CFD analysis has become 
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very popular to study turbulent winds especially tornados and downbursts due to the 
availability of various turbulent model solvers and the time effectiveness of the 
computational analysis. The positive development trends both in hardware and software 
technology is also making numerical analysis more promising even for such complex 
flow applications. Various turbulent models have been used in the past such as RSM 
(Reynolds Stress Model) and k-ε model for downburst simulations to name a few.  
This thesis is mainly concerned with the numerical investigation of a bluff-body 
subjected to (i) ABL flow and (ii) downburst flow using computational fluid dynamics. 
The bluff body is represented with a simple cubical building placed in a 3D 
computational domain suitable for 3D modeling. The surface pressure coefficients on the 
cubical building subjected to both, the commonly used ABL flow and different 
downburst sizes have been investigated.  Four downburst sizes (h/D=1, 1.2, 2, 4; where D 
is downburst diameter and h is the height of the computational domain) and two bluff-
body radial locations (x) from downburst center have been considered and the 
characteristics of the outflow velocity profiles have also been studied. Whenever 
applicable, the results have been compared with values from literature. 
1.2 Objective and Approach 
The main objective of this study is to investigate the interaction of a bluff body with a 
steady downburst flow and qualitatively compare its differences with synoptic ABL 
flows. To achieve this objective, the following sub-objectives were set. 
1. To characterize the flow behavior of a steady downburst flow with 
different inlet diameter at constant speed. 
2. To study a simple cubical building subjected to traditional ABL profile 
and downburst flow numerically in 3D using CFD approach. 
3. To study the surface pressure coefficient variations on the cubical building 
placed at different distances from the centre of the downburst flow. 
4. To compare the pressure coefficients on the surface of the cubical building 
obtained from above mentioned cases. 
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5. To conclude and validate the results obtained from the current study by 
comparing with the existing literature (both numerical and experimental), 
whenever applicable. 
By the time of writing this thesis the WindEEE was under-commissioning and it was not 
possible to generate new experimental data for validation. Hence, the numerical results 
obtained have been validated using the data available from previous literature wherever 
applicable. 
1.3 Motivation 
As mentioned previously, the motivation behind carrying out this study is lack of non-
synoptic wind aerodynamics information despite the fact that majority of the damage is 
caused in main land due to these wind systems. There is no provision for non-synoptic 
wind in building codes and standards. There are very limited downburst studies in 
literature compared to ABL flows. As shown in Fig. 1 the two wind systems have 
different velocity profiles and are expected to affect buildings differently. Nevertheless 
there are very limited comparative studies between the two. 
 
Figure 1: Flow profile of downburst and boundary layer flow 
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In this regard, the present study will also investigate the surface pressure coefficients on a 
cubical building subjected to ABL profile as well as downburst flow and compare the 
two. This is expected to help quantifying the difference in wind induced loads for the two 
different wind systems. This when coupled with other experimental efforts at the 
WindEEE Research Institute using the WindEEE Dome in the future is expected to 
enable structural engineers in the design of buildings confronted to higher peak loads 
resulting from thunderstorm downbursts. For downburst flow, this thesis assesses the 
surface pressure coefficients on a cubical building placed at different radial distances 
from the downburst center subjected to downburst flow. This has been done by primarily 
investigating the flow fields of different downburst sizes.  
1.4 Layout of the thesis 
The layout of the thesis follows the same flow as listed in the objectives in section 1.2. A 
background of downburst and the previous work done in literature is presented in Chapter 
2. Chapter 3 describes the various parameters of the three dimensional CFD modelling 
for the ABL and downburst cases, to study the flow fields as well as pressure coefficient 
comparisons, including the governing equations and turbulent models used. The results 
obtained through numerical investigation using CFD analysis are compared and discussed 
in Chapter 4. Chapter 5 draws the conclusion of the results obtained from the current 
study. 
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Chapter 2  
2 A brief introduction to downburst and previous work 
done 
Thunderstorm downbursts are found to be the increasing cause of the damage and 
destruction to low as well as high rise structure. Due to its unique characteristic of having 
higher velocity values as it approaches the ground surface, its flow profile is significantly 
different from the traditional atmospheric boundary layer flow. As a result, it is of 
primary interest to study the flow characteristics of such downbursts and their effects on 
the structure in its vicinity.  
2.1 Discovery/Origin of Downburst 
Downburst first came into notice when Fujita was studying the aerial damage survey of 
1974 outbreak of 148 tornadoes. He noticed a peculiar starburst pattern of fallen trees 
whose damage pattern was found to be different than that caused by tornado. He 
identified the same starburst pattern during his investigation of Eastern 66 aircraft 
accident at JKF airport. After some research using the information from the flight data 
recorder and several eye witnesses, he found that the similar starburst patterns were 
responsible for both cases and he named that phenomenon as ‘downburst’ (Fujita, 1985). 
Fig. 2(a) and 2(b) show the diagram of a typical downburst and its cross section 
respectively as hypothesized by Fujita. 
It is interesting to note that Fujita’s downburst theory was initially not accepted by the 
meteorological community. Only after an exhaustive research was presented by Fujita 
and his colleagues, the downburst hypothesis was accepted by meteorologists (Fujita, 
1985) and soon after the engineers started to identify the possible effects of downburst 
wind fields on the structural aspects of buildings.  
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(a) 
   Downburst flow 
 
(b) 
Figure 2: (a) Typical downburst (b) cross section diagram of Fujita’s hypothesized 
downburst (Fujita, 1985) 
In order to gather more information on downburst, its structure, classification and 
characteristics, the first field program named NIMROD (Northern Illinois Meteorological 
Research On Downbursts) was carried out in 1978 by Fujita and Srivastava using 3 
doppler radars and 27 PAM (Portable Automated Mesonet) stations. A triangular region 
with approximately 60 km base lines in Chicago’s suburb was the area of study (Fujita, 
1985). 
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The second field study was carried out as collaboration between the University of 
Chicago and the National Center for Atmospheric Research, Colorado in 1982 in the 
northern suburbs of Denver, Colorado (Doppler baselines 15, 18 and 28 kilometers) and 
was named as JAWS (Joint Airport Weather Studies). This study concentrated on 
downburst which was not greater than 4 kilometers in extent i.e. a microburst; as it was 
believed that accidents relating the aircrafts were due to microburst and also that the wind 
shear produced by a macroburst is not of much concern (Fujita, 1985). 
Table 1 outlines the basic results of both the studies including the size, number of 
microbursts and time duration of those studies undertaken. 
Table 1: Results of NIMROD and JAWS study (Fujita, 1985) 
Field Study NIMROD JAWS 
Time duration 42 days 86 days 
Doppler triangles 56 x 57 x 60 km 15 x 18 x 28 km 
Doppler radars CHILL CP-3 CP-4 CP-2 CP-3 CP-4 
PAM stations 27 27 
Total microbursts 50 186 
Dry microburst 18 155 
Wet microburst 32 31 
 
These two studies have paved the path for the further in-depth research on downburst 
especially microbursts. Several other studies including CLAWS (Classify, Locate and 
Avoid Wind Shear) in 1984, MIST (Microburst and Severe Thunderstorms) in 1986, 
FLOWS (FAA-Lincoln Operational Weather Study) and the Thunderstorm Outflow 
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Project in 2002 have been carried out by various researchers and all the studies have 
validated the results of both NIMROD as well as JAWS (Mason, 2003). 
2.2 Classification of Downburst 
Depending on the extent of damage caused by the horizontal downburst winds, Fujita 
classified downburst into two separate categories namely ‘Microburst’ and ‘Macroburst’. 
If the extent of the horizontal downburst was less than 4 kilometers, then it was termed as 
microburst and if greater than 4 kilometers, then it was known as macroburst (Fujita, 
1985). Typical dimensions of a downburst available from previous studies have the 
downburst diameter (D) ranging from 400-4000 meter acting from a height (h) of 300-
30,000 meter above the ground surface. These dimensions satisfy the h/D criteria 
established by Hjelmfelt in 1988 (0.75 < h/D < 7.5).Table 2 describes the size of different 
high intensity wind events on the scale developed by Fujita himself. 
Table 2: Fujita's planetary scale for atmospheric systems (Fujita, 1985) 
Dimension 40,000 – 400 
km 
400 – 4 km 4 km – 40 m 40 m – 40 
cm 
40 cm – 4 
mm 
Scale MASOscale MESOscale MISOscale MOSOscale MUSOscale
Downburst 
Wind 
Speed 
Duration 
 Macroburst 
270 km/hour
5-15 minutes
Microburst 
215 
km/hour 
5-30 
minutes 
  
Cyclone Hurricane Mesocyclone Tornado Dustdevil Turbulent 
Eddy 
Apart from microburst and macroburst, Fujita further classified the downburst outflows 
in different types as shown in Table 3. 
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Table 3: Further classification of downburst outflow (Fujita, 1985) 
Basis Downburst type 
Horizontal/Vertical motion of storm cloud Stationary/Transient 
Amount of Precipitation on ground/ 
Peak radar reflectivity (Proctor, 1988) 
Wet/Dry 
Rotation of downburst Radial/Twisting 
Divergence location of downburst Mid-air/Surface 
Vertex structure formation Outflow/Radar 
 
The current study has been carried out for a stationary downburst event. The main 
distinguishing feature between a stationary and a transient downburst flow is the 
horizontal or the vertical motion of the downburst jet source. If the source of the jet 
velocity is interrupted or the velocity jet translates horizontally, then a time-dependent 
transient downburst flow is obtained. Whereas if the inlet jet velocity is kept constant 
throughout the study (as in the current case), a stationary downburst is achieved. The 
reason for pursuing a steady state simulation is that the current study requires to calculate 
the mean surface pressure coefficients on a cubical building. These Cp values can be 
obtained by normalizing with mean velocity value at the required distance and height of 
the structure. The mean velocity values obtained at a particular x/D radial distance for a 
same h/D case would be identical for a stationary as well as a transient downburst. 
Hence, stationary downburst fulfils the objective set in the current study but in order to 
investigate peak velocity and loading conditions, transient downburst simulations are 
recommended. 
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2.3 Formation of Thunderstorm Downburst 
It is commonly known that thunderstorms form when the moist unstable air near the 
ground surface is lifted due to various reasons such as convection or column of air forced 
upward along a flat surface, or upward motion of air due to convergence of winds near 
the ground surface (NOAA, 2003). The thunderstorm undergoes three main stages before 
it ends which are cumulus stage, mature stage and dissipating stage. 
The warm air rises in the cumulus stage and becomes saturated to form a cumulonimbus 
convective cloud. The continuous rising of warm air leads to condensation of water vapor 
and increases the latent heat of vaporization and keeps increasing the convective cloud. 
As the cloud moves upward to reach the freezing level, cold water drops and ice crystals 
both are formed. Now the mature stage already has downburst present in it. As the 
precipitation becomes heavier than the atmosphere, it falls downwards which causes the 
downburst. It is during this stage that the downbursts are observed and high velocity 
winds are formed near the earth’s surface. The downburst becomes weak in the 
dissipating stage and turns into light rainfall ultimately ending the thunderstorm life 
cycle. 
The downburst outflow is of utmost importance to the structural engineers as it is very 
important to know how the outflow wind pattern is going to affect the structure. The 
outflow (Fig. 3) has four stages as described by Wakimoto (1982) namely formative 
stage, early mature stage, late mature stage and dissipating stage. 
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Figure 3: Outflow stages of thunderstorm (Wakimoto, 1982) 
In the formative stage, thunderstorm is formed as described earlier. During the second 
and third stages, a precipitation roll is formed which is similar to Fujita’s roll vortex and 
is of utmost importance as it is found that the maximum velocity of a downburst occurs 
below the vortex core. The precipitation roll is formed only after the thunderstorm 
downburst hits the ground surface but vorticity is already present due to the shear 
interaction between the descending and surface air. This leads to formation of the ring 
vortex in a downburst and as soon as it reaches the ground, it diverges from the parent 
thunderstorm as shown in Fig. 3. This ring vortex is formed in the horizontal direction 
and surrounds the downburst core region. The formation of the ring vortex is dependent 
on the time duration and outflow wind flux of the occurring downburst (Caracena et al., 
1990). 
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2.4 Surface Pressure Associated with Downburst 
Caracena et al. (1990) carried out the first study that associated the downburst motion 
with the formation of pressure nose on the object surface. It was found that the pressure 
nose was formed during the beginning of thunderstorm’s mature stage simultaneously 
with the motion of descending downburst towards the ground. A correlation was found 
between the surface pressure values and the location of the center of microburst. With the 
help of Bernoulli’s equations and making various assumptions, high and low pressure 
rings for a microburst impacting surface can be made. 
Mason (2003) made a relation between the horizontal ring vortex formed during a 
stationary downburst and its corresponding pressure field. Fig. 4 shows the surface 
pressures formed when a downburst hits the ground from the fluid mechanics point of 
view. The downburst core region has high positive pressure values which are surrounded 
by negative pressure fields beneath the vortex core. The final positive pressure region is 
formed as a result of shear due to stationary and transient air (Mason, 2003). 
 
Figure 4: Downburst and pressure correlation (Mason, 2003) 
The downburst flow and pressure correlation is very important for the design of high/low 
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rise structures as a result of which, this particular study has been done to aim the same. In 
this study, an effort has been made to study the pressure coefficients on a low rise 
building placed in a region subjected to a downburst so as to take a step closer and 
enhance the current understanding in the field of downburst-structure interaction related 
research. 
2.5 Previous Work Done 
It is very important to understand the wind velocity profiles of downbursts in order to 
understand the wind-structure interaction for wind-resistant design aspect of structures. It 
has been shown that the vertical wind profiles for downbursts are mainly dependent on 
the horizontal location of downburst origin. Also, the ground terrain is not much of a 
concern as far as the velocity profile is concerned (Fujita, 1981). Majority of the 
experimental work and numerical simulations have used an impinging jet model to study 
the wind velocity profile as an impinging jet represents the downburst flow to a great 
extent. 
A study was carried out by Kim et al., 2007 which involved the understanding of the flow 
characteristics of steady as well as unsteady downburst outflow and its interdependency 
on the Reynolds number, which in turn governs the phenomenon of flow separation and 
reattachment. It was found that due to the initial Kelvin-Helmholtz instability, the vortex 
rings were formed due to the unsteady jet flow and spread out radially to create flow 
separation and reattachment phenomenon (Kelvin-Helmholtz instability occurs when 
there is a velocity shear in a continuous fluid or velocity difference across the interface 
between two fluids). High velocities were found near wall region where the flow 
separated and secondary vertices were formed. The results obtained suggested that as the 
downburst jet approached the ground, the shear layer induced due to the flow increased 
which triggered flow separation-reattachment and high wind speeds were produced. A 
comparison of traditional ABL power law profile and downburst has been shown in Fig. 
5 and it is very obvious that higher velocities are obtained near ground surface for 
downburst flows. The Reynolds number and flow interdependency has been emphasized 
and it is found that the flow pattern stabilizes with increase in Reynolds number i.e. for 
Re > 200,000. 
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Figure 5: Comparison of downburst velocity profile with previous data (Kim et al., 
2007) 
Qu et al., 2009 studied the effect of initial jet diameter, initial jet height and initial inlet 
velocity on the vertical and radial downbursts wind profile as well as its effect on the 
maximum horizontal wind velocity using Reynolds Stress Model to solve the RANS 
equations by CFD analysis. It was found that maximum horizontal velocity is directly 
proportional to inlet velocity and inversely proportional to the jet height whereas the 
diameter of the jet had very little influence on it. 
Mason et al., 2009 used a pulsed impinging jet to simulate a thunderstorm downburst and 
studied the peak transient loads on a cube subjected to the jet flow and compared it with 
ABL flow and steady downburst flow. The peak loading condition occurred near to the 
jet impingement zone and gradually decreased with increasing distance from the 
impingement area. The windward and leeward loading profiles were similar to ABL flow 
but not really identical to ABL or steady downburst flow. A similar study was carried out 
by Kim et al., 2007 wherein tall buildings subjected to transient downbursts velocity 
profile (as shown in Fig. 6) were studied in order to obtain the structural loads induced 
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and compares them with the traditional ABL profile. From Fig. 6, the horizontal burst 
created near the base of the building is of utmost importance as peak velocity is obtained 
at that location and as a result, the building is subjected to higher forces and moments in 
near base regions. Results showed that the structural loads obtained on the building were 
dependent on the radial position of the downburst center. The same has been observed in 
the current thesis which will be discussed further in Chapter 4. 
 
Figure 6: Line diagram of computational domain and boundary conditions adopted 
by Kim et al., 2007 (Kim et al., 2007) 
Another CFD study was carried out using Fluent to simulate a steady state non-turbulent 
downburst flow in order the study the various characteristics of the outflow and its 
dependence on the turbulence model chosen to simulate it (Chay et al., 2006). Sengupta 
et al., 2008 went one step further to study the velocity profiles and ground pressure 
coefficients subjected to a downburst flow. The jet flow velocity decreases as it 
approaches the ground surface and the normalized velocity profiles are independent of 
the jet diameter which is in agreement with Chay et al., 2002 and Li et al., 2009. This 
indicates that the results obtained can be scaled up or down as per the requirements 
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without altering the flow characteristics. 
Another numerical method of downburst investigation is becoming popular nowadays 
which is cloud modelling where in the vapor, liquid and solid phase of water are 
modelled in such a way that they correctly represent the physics behind the formation of 
updrafts as well as downbursts during a thunderstorm. A quasi steady downburst outflow 
was modelled by Lin et al., 2007 using Bryan Cloud Model with cooling source approach 
in order to study the time-dependent characteristics of the simulated flow. It was found 
that though steady state downburst flow represents the transient flow to a certain extent, it 
cannot fill in for the strong periodicity obtained in translating downburst flows. An 
axisymmetric, dry, non-hydrostatic sub-cloud model was used to simulate a downburst 
wind field and study the differences in downburst size, shape, intensity and the height of 
impact (Mason et al., 2009). It was found that the downburst diameter and elevation of 
initiation had a notable impact on the outflow wind velocity whereas the shape of the 
downburst dominated the formation of ring vertices. The same sub-cloud model also 
aided in investigating the speed-up and/or amplification effects of different topographical 
features on wind fields subjected to downbursts. It was interesting to note that the 
windward side of the topography had the maximum wind speed effects up to large 
elevations which imply the fact that the direction of impact also plays an important role 
in determining the behavior of downbursts (Mason et al., 2012). A Bryan cloud model in 
conjunction with Large Eddy Simulation investigated the behavior of a downburst line 
(simultaneous occurrence of two or more downbursts) near the outflow surface. It was 
found that the interaction of downbursts with the environment and amongst downbursts 
had a notable influence on the surface outflow conditions as they spread out horizontally 
after impingement on any surface (Vermeire et al., 2011). The peak horizontal wind 
speeds and the wind gusts obtained near the surface were examined in detail in order to 
aid in designing of near-surface structures (Vermeire et al., 2011). This was similar to the 
study carried out by Mason et al. in 2010 where in stationary and translating downbursts 
were simulated in three dimensional sub-cloud numerical model in order to study its near 
surface behavior. The stationary downbursts exhibited the behavior as discussed in 
previous cases but for the translational downburst, the outflow became asymmetric as the 
wind speed increased. Another study carried out by Orf et al., 2012 involved a Bryan 
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cloud model to simulate a thunderstorm downburst and study its time as well as spatial 
difference. 
Various physical and empirical models have also been built in order to gain more 
understanding of the time and spatial variance of downburst events. The dynamic loads 
acting on a cantilevered structure induced due to downburst winds were examined using a 
deterministic stochastic model by considering the small scale turbulence fluctuations 
which were found to directly relate to the dynamic response of the structure (Chen et al., 
2004). A non-parametric deterministic stochastic hybrid (NDESH) model was developed 
by the same author and was used as basis of building an empirical model for transient 
downburst and their wind speeds could be obtained from the model. But the lack of full-
scale validated data for higher elevations was needed to justify the results obtained from 
these models (Chen et al., 2005). An exhaustive experimental study has been carried out 
by Xu et al., 2008 wherein the effect of Reynolds number, boundary conditions and 
surface roughness have been studied. It was found that Reynolds number dominated the 
unsteady flow separation phenomenon and the outer layer of the flow region was 
influenced by the inflow conditions. Another study involving physical simulation of 
downburst suggests that the mean velocity profile is a function of the distance where the 
downburst descends on the ground surface i.e. the impingement zone and the height at 
which it is acting from (McConville et al., 2009). Chay et al., 2002 and Letchford et al., 
2002 simulated a stationary and a transient downburst respectively and placed a cube in 
its flow field to study the difference of pressure coefficients on its surfaces. The current 
thesis also focuses on similar investigation and the results obtained are in good agreement 
with previous available data. Recently, Li et al., 2012 have made a successful attempt to 
revise an empirical model to include the effects of boundary layer thickness of downburst 
and non-linearity of impinging jets by modifying the velocity and intensity shaping 
functions by different the characteristic length parameter. Similar study incorporating the 
non-linear effects of boundary layer into the empirical vertical and radial profiles has 
been done and matched well with existing field and numerical data (Abd-Elaal et al., 
2013). An experimental study was undertaken to study the surface pressure coefficients 
on gable-roof building models placed in the core region of microburst and its flow 
characteristics. The surface pressure coefficients were strongly influenced by the roof 
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angle, building orientation and its location from the microburst center (Zhang et al., 
2013). 
The downburst-structure interaction has not only been limited to bluff-body kind of 
structure but has also been expanded to energy infrastructures. It is widely known that 
during thunderstorms, the transmission line towers are subjected to very high wind loads 
occurring from tornadoes as well as downbursts. A transmission tower subjected to 
different downbursts wind load data from CFD analysis was done by Shehata et al., 2005 
where it was found that the peak axial forces due to downburst wind load were much 
higher than the normal wind conditions. Also, these peak values were dominated by the 
location of the downburst with respect to the tower. Further, the time and spatial 
dependence of downburst velocity fields were studied and their effects on internal 
members of the towers under critical downburst conditions were investigated. It was 
found that the axial and the radial velocity components of the downburst were linearly 
proportional to its diameter; this can be of great importance for studying the difference of 
pressure fields on the structure as the pressure is dependent on the velocity profiles 
(Shehata et al., 2007). Darwish et al., 2011 carried out a parametric study in order to 
investigate the behavior of transmission line tower subjected to high axial forces from 
downburst events. The effect of different downburst size and location on the failure 
modes of the tower members caused due to high axial forces was also investigated. It was 
found that different its size had a lesser effect than the location aspect of downburst. This 
is in accordance with Darwish et al., 2010 where in non-linear numerical dynamic 
analysis of transmission line conductor was carried out under different downburst 
profiles. The structural response of an aero-elastic model of transmission line subjected to 
velocity profiles obtained from atmospheric boundary layer as well as downburst flow 
was examined (Lin et al., 2012) and the results obtained were in similar lines of Shehata 
et al., 2005. 
Although a lot of work has been done on understanding the flow structure of the 
downburst, further research is required to study its parametric effects on a bluff body. It 
is obvious from previous studies that structures subjected to non-synoptic winds have 
considerably higher loads acting on them and they vary significantly from synoptic winds 
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like uniform flow or boundary layer flow. Also, previous parametric studies involved 
different downburst jet height and jet velocity corresponding to different diameters to 
characterize the downburst flow. Current study involves constant jet height and velocity 
and emphasizes on different downburst jet diameters. This study directly simulates a 
structure placed in the domain of a downburst as well as ABL flow whereas majority of 
the previous studies have extracted the flow profiles separately and imposed it on the 
building to study the flow-structure interaction. Hence, this thesis aims contributing 
towards downburst-structure interaction phenomenon.  
The two main parameters of importance in this study are pressure coefficient (Cp) and 
velocity flow profiles at various radial distances from the downburst jet inlet. The 
pressure coefficients obtained on the surface of any building will be further used to 
calculate the forces and moments acting on that particular structure. In the present study, 
the Cp values will be extracted from different cases; ABL and downburst in order to 
make comparisons and assess the difference of Cp values of a cubical building at 
different radial distances from the downburst flow. This can provide useful insight while 
designing structures which are subjected to non-synoptic thunderstorm downbursts.  
The pressure coefficient is given as –  
ܥ݌ ൌ 	2ሺܲ െ ܲₒሻߩ ௥ܸ௘௙ଶ  
where, 
P = Absolute total pressure at the point of interest in Pascal 
Po = Atmospheric pressure in Pascal 
ρ = Density of air at STP (Standard Temperature and Pressure) in kg/m3 
Vref = Velocity at a reference height  
The velocity reference height at the building roof height is used to extract the pressure 
coefficients according to various code practices for synoptic wind systems but whether to 
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use the same or not for non-synoptic wind systems is debatable. The downburst flow does 
not follow the ABL velocity profile as shown in Fig. 1. The maximum velocity of the 
downburst is experienced close to the ground surface; the location of the max wind speed 
is expected to vary depending on the size of the downburst and the location of the 
building with respect to the center of the downburst. Hence it will be challenging to adopt 
a “reference height” for downburst. Hence in the present study two different ways of 
referencing will adopted. The first one pertains when comparing pressure coefficients 
among different downburst sizes and location. In this case the recommended reference 
velocity is the jet velocity. However while comparing ABL with downburst, the local 
velocity at roof height for the particular downburst at a particular horizontal and vertical 
location of the leading roof height with respect to the downburst center shall be 
considered. It is to be noted that the velocity is measured (or extracted from the numerical 
model) before placing the building.  
The velocity profiles are of great importance when carrying out studies involving 
turbulent flows as they give an idea of how the flow formation progresses. It functions as 
distinguishing criteria between laminar and turbulent flows as it determines the Reynolds 
number (Re). It is found that the downburst flow profiles are strongly dependent on the 
Reynolds number as it dictates the vertical as well as a radial spread of the flow. This 
dependence is more prominent for Re < 200,000 and is assumed that the flow becomes 
independent of Re beyond that number (Kim et al. 2007). In this study, the flow is 
turbulent and it has been taken care of that all the cases simulated have high Reynolds 
number Re > 200,000, and it has been found that radial component of the downburst 
velocity is the dominant part of velocity magnitude. Hence, its difference along the height 
of the domain, its characteristic burst formation and the horizontal spread of the 
downburst intensity has also been investigated. 
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Chapter 3  
3 Numerical Analysis and Model Description 
Numerical analysis has been adopted using Computational Fluid Dynamics (CFD) 
approach in order to carry out the objectives stated in section 1.2 of the thesis. 
Commercially available CFD software namely StarCCM+ has been used to carry out the 
three dimensional simulation cases required in this study. Governing Equations for Three 
Dimensional Numerical Analysis 
3.1 Navier Stokes equations 
Navier Stokes equations can describe the turbulent behavior of fluid flows in a 
satisfactory manner. The Navier Stokes equations are actually derived based on Newton’s 
second law of motion which is conservation of momentum (Versteeg et al., 2007). The 
general form of Navier Stokes fluid motion equation is given as –  
ߩ ቀௗ௩ௗ௧ቁ ൅ ݒ ∗ ߘݒ ൌ 	െߘ݌ ൅ ߘ ∗ ܶ ൅ 	݂      …(1) 
where,  
ν = Velocity of the Flow,  
ρ = Density of the Fluid,  
T = Tensor Stress Component,  
f = Body Forces acting on the Fluid, 
׏ = Del Operator.  
This represents unsteady, 3D mass conservation or continuity equation in a general form. 
Navier Stoles equations are non-linear and highly coupled partial differential equations. 
To resolve the time and spatial scale with the current state of the art computation power is 
simply unpractical. Therefore, these equations are usually further modified as per the 
applications and making various assumptions. Examples of such simplifications time 
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averaging or spatial averaging of Navier Stokes equations. Spatial averaging is carried 
out for Large Eddy Simulation technique wherein the small eddies are filtered out due to 
their isotropic behavior at high Reynolds number. The larger eddies are anisotropic and 
their behavior is dependent on the geometry of the problem domain, boundary conditions 
and body forces. This is done by selecting a filtering function and a certain cutoff width 
to resolve an unsteady flow computation all eddies with a length scale greater than the 
cutoff width. In the next step the spatial filtering operation is performed on the time-
dependent flow equations. This method was found still computationally very intensive 
the present study. The second approach is to use time averaging. This leads to the 
Reynolds-averaged Navier Stokes equations (or simply RANS) which is also adopted in 
the present study.  
3.2 Reynolds Averaged Navier Stokes equation 
The RANS equations are given by- 
డ௣
డ௧ ൅
డሺఘ௨೔ሻ
డ௫೔ ൌ 0         …(2) 
and 
డሺఘ௨೔ሻ
డ௧ ൅
డ൫ఘ௨೔௨ೕ൯
డ௫೔ ൌ െ
డ௣
డ௫೔ ൅
డ
డ௫ೕ ൤ߤ ൬
డ௨೔
డ௫ೕ ൅
డ௨ೕ
డ௫೔ െ
ଶ
ଷ ߜ௜௝
డ௨೗
డ௫೗൰൨ ൅
డሺିఘ௨೔ᇲ௨ೕᇲሻ
డ௫௝   …(3) 
Due to the averaging process, additional terms were created that requires additional 
closure turbulent models such as k-ε or k-ω are required to solve the equations. 
3.3 Closure model 
The standard k-ε model (Launder et al., 1974) has two model equations, one for k and 
one for ε, based on our best understanding of the relevant processes causing changes to 
these variables. The standard model uses the following transport equations used for k and 
ε:  
For turbulent kinetic energy, k –  
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And for turbulent dissipation rate, ε –  
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where, 
ui,j = Velocity of the flow along ith or jth direction 
μ = Viscosity of the fluid 
ρ = Density of the fluid 
ν = Kinematic viscosity of the fluid 
Pk = Turbulent kinetic energy due to mean velocity gradients = μt*S2 
μt = Turbulent viscosity 
Pb = Turbulent kinetic energy due to buoyancy  ൌ ߚ ∗ ݃௜ ∗ ఓ೟௉௥೟ ∗
డ்
డ௫೔ 
ߚ = Coefficient of thermal expansion 
gi = Component of the gravitational vector along ith direction 
Prt = Turbulent Prandtl number for energy = 0.85  
S = modulus of mean rate-of-strain tensor = ඥ2 ௜ܵ௝ ௜ܵ௝ 
ܥ1 ൌ max ൤0.43, ߟߟ ൅ 5൨ , ߟ ൌ ܵ
݇
ߝ	 
The model constants for the Standard k-ε turbulence model are: 
C1ε = 1.44, C2ε = 1.92, σk = 1.0, σε = 1.3, Cμ = 0.09. 
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3.4 Description of numerical modeling cases  
The present numerical simulations have been carried out using the commercially 
available software StarCCM+, which is user-friendly single integrated software for CFD 
applications. A computational domain has been chosen which is subjected to steady 
downburst flow inlet with different sizes (Cases 1, 2, 3) in order to study the behavior of 
its flow field vis-à-vis downburst size (diameter) dependence. Further, a cubical building 
has been placed in the above computational domain subjected to downburst flow at 
different distances as described by Cases 1A, 1B, 1C, 1D, 3A, 3B in Table 4. The mean 
pressure coefficients have been obtained on the cubical building and have been compared 
for various downburst cases. In order to compare the Cp values obtained from downburst 
case with traditional ABL flow, additional cases Case 4A and 4B have also been created. 
The cases 4A and 4B are simulated using Realizable k-ε and k-ω SST turbulence model 
respectively in order to compare the results generated from both turbulence models. All 
the simulation cases generated have been listed in Table 4. 
Table 4: Description of Various Simulation Cases 
Case Description Reynolds number
Case 1  h/D = 1 (Small domain)  
 
991,000 
Case 1A Case 1 + cubical building at x = 0 m radial distance 
from downburst center 
Case 1B Case 1 + cubical building at x = 2.5 m radial distance 
from downburst center 
Case 1C Case 1B simulated in a larger domain 
Case 1D h/D = 1.2 
Case 2 h/D = 2 495,000 
Case 3 h/D = 4  
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Case 3A Case 3 + cubical building at x = 0 m radial distance 
from downburst center 
248,000 
Case 3B Case 3 + cubical building at x = 2.5 m radial distance 
from downburst center 
Case 4A ABL flow (k-ε Realizable) - 
Case 4B ABL flow (k-ω SST) - 
 
The reason for choosing a cubical shaped structure for the current analysis is that in spite 
of having very simple geometry, it aptly adapts and depicts the complex characteristics of 
the bluff-body aerodynamics and can be used to represent a real building structure. Also, 
majority of the previous experimental work has been done using a cubical structure under 
different conditions and hence, the current results obtained can be compared with 
previous data for validation purpose. 
3.4.1 Numerical Set-up 
The computational domain and the boundary conditions for the simulations carried out 
for various cases are shown in Fig. 8 (Cases 1, 2 and 3), Fig. 9 (Cases 1A, 1C, 1D and 
3A), Fig. 10 (Cases 1B and 3B) and Fig. 13 (Case 4A and 4B). Case 1C is exactly the 
same as 1B except that it has a larger computational domain as shown in Fig. 11. The 
reason to do this is to check whether the side walls are sufficiently spaced and allow the 
flow to develop fully. The case 1D (Fig. 12) has h/D=1.2 so as to compare with previous 
experimental data available. The geometric scale of these simulations has been assumed 
to be 1:1000 for the computational domain so as to accommodate the real downburst size 
(Fujita, 1985). Such scaling has been previously done in numerical analysis so as to avoid 
a huge number of grid cells (Mason et al., 2005). The dimensions of the domains have 
been chosen after thorough study of previous experimental as well as numerical work 
done so as to investigate and compare h/D ratios. The height (h) of the domain is not of 
significant importance as long as the vortex formation and flow stabilization takes place. 
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The width of the domain should be long enough so as to let the flow develop and prevent 
reversed flow inside the domain. The computational domain chosen for ABL case is 
similar as Bitsuamlak et al., 2010.  
The CFD solver uses near wall treatment function in order to obtain accurate velocity and 
pressure profiles. The wall unit y+ condition has been satisfied in this case according to 
the turbulence flow criterion which is 30 < y+ < 150 by using Y+ near wall treatment 
scheme. A very fine polyhedral mesh along with sufficient number of fine cells around 
the cube as well as the computational domain has been used in order to obtain accurate 
simulations. In addition to this, a volumetric control has been created around the cube and 
where velocity gradient changes notably so as to have a denser mesh around that region 
(Fig. 7). For the simulations concerning the flow field behaviors, the mesh size is around 
0.9 million cells for Cases 1, 2 and 3. For Cases 1A, 1B, 1C, 1D, 3A, 3B, 4A and 4B, the 
mesh has been further optimized and the cell size is approximately 2.4 million. These 
seem apt as the results obtained are in good agreement with previous data available, 
which will be discussed in Chapter 4. The grid size of the domains presented here are in 
good standing when compared with the grid sizes used by Kim et al., 2007 and Sengupta 
et al., 2008 for their numerical analysis.  
 
 
 
 
 
      (a) 
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(b) 
 
 
 
Figure 8: Computational domain and boundary conditions for Case 1 (h/D=1), Case 
2 (h/D=2) and Case 3 (h/D=4) 
 
        (b) 
Figure 7: Mesh representation (a) XY-plane section through the middle of 
the cube, (b) XZ-plane section at mid-height of the cube 
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Figure 9: Computational domain and boundary conditions for Case 1A (h/D=1, 
x=0), Case 3A (h/D=4, x=0) 
 
Figure 10: Computational domain and boundary conditions for Case 1B (h/D=1, 
x=2.5), Case 1D (h/D= 1.2, x=2.5), Case 3B (h/D=4, x=2.5) 
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Figure 11: Computational domain and boundary conditions for Case 1C (h/D=1 
larger domain) 
 
Figure 12: Computational domain and boundary conditions for Case 1D (h/D= 1.2, 
x=2.5) 
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Figure 13: Computational domain and boundary conditions for Case 4A and 4B 
(similar with Bitsuamlak et al., 2010) 
Realizable k-ε model has been used for turbulence modelling for all simulation cases 
except case 4B. Case 4B simulates the ABL case using SST k-ω turbulence model so as 
to compare results with case 4A and check the divergence of results between two 
different RANS turbulence models (This will be discussed in detail in Section 4.1.1).  
AMG linear solver has been used for obtaining the velocity and pressure values, and 
second order differential equations have been used for solving convection and turbulent 
segregated flows. For all the downburst cases, velocity (Vjet) of 10m/s has been applied at 
the downburst inlet along the negative y-direction according to the computational 
domain. For the ABL case, the inlet uses a user-defined field function for inlet velocity 
which follows the power law velocity profile with exponent α = 0.14, and initial wind 
velocity Vj = 100 m/s (at gradient height = 400 m). The direction of the wind is 
perpendicular to the upstream face of the cube in the simulation. The inlet velocity (u) 
profile was applied to the whole inlet face which followed the following equation: 
ܸ݈݁݋ܿ݅ݐݕ, ݑ ൌ ܸ݆ ∗ ሺ ௭ସ଴଴ሻఈ        …(6) 
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where z is the height parameter different along the elevation of the computational domain 
and 400 describes the terrain roughness which is assumed to be rough in the current 
simulation case. 
The k (turbulent kinetic energy) per unit mass associated with eddies generated in the 
turbulent flow and ε (turbulent dissipation rate) values are obtained by the equations 
given below respectively. 
݇ ൌ 1.0 ∗ 	 ௨∗మ஼ഋబ.ఱ         …(7) 
ߝ ൌ 	 ௨∗య଴.ସଵ∗ሺ௭ି଴.଴଴଴ଵሻ         …(8) 
Substituting all the known parameters in the above equations (2) and (3), we obtain 
k=0.385 Joule/sec and ε is a function of the elevation, z of the domain respectively. The 
same value of k has been used for downburst and ABL cases. Since ε is a function of the 
height of the domain, a user-defined function has been created in ABL case whereas for 
downburst cases, the value of ε has been obtained at the height where the downburst is 
acting from and it is found to be 0.819959 meter2/sec3. For k-ω turbulence case, all 
parameters remain the same except ω which is the specific dissipation rate (Unit = 
1/second) and is given as –  
߱ ൌ ఌఉ∗௞          …(9) 
As the ε value is different along the elevation of the computational domain, a user-
defined function has been created for ω based on the above equation (9). All the 
simulations being in three dimensions and due to fine mesh, the convergence criteria has 
been limited to 105. It was found that all the simulations gave acceptable results and have 
been discussed in the next chapter. 
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Chapter 4  
4 Results and discussions 
In this chapter the results of the numerical simulation for downburst wind field with 
constant down draft velocity and with different inlet diameters is presented. In addition,   
a discussion on the surface pressure coefficients on a cubical building placed inside a 
computational domain subjected to the above mentioned flow fields is presented. 
4.1 Selection of the Turbulence Model 
The k-ε turbulence models are known to over-predict k at impingement and separation 
zones. Errors are due to use of isotropic eddy viscosity concept in highly anisotropic flow 
field. RNG as well as Realizable k-ε model is widely used for turbulence modelling in 
comparison to Standard k-ϵ model as it takes smaller scales of motion into account while 
solving for Navier Stokes equations, the other two techniques offer accuracy for rotating 
flows as it accounts for the turbulent diffusion/eddy viscosity occurring at all length 
scales of fluid motion (Wright et al. 1999 and Wright et al. 2003). Realizable k-ε model 
almost has the same characteristics as that of RNG but has an improved equation for ε. 
Revised model constant includes new formulation for turbulent viscosity and vorticity 
fluctuation It has showed improved performance for flows involving planar and round 
jets, boundary layer flow subjected to strong pressure gradients, separation and 
reattachment, rotation and recirculation. The model has aptly been named ‘Realizable’ as 
it satisfies certain mathematical constraints for Reynolds stresses and is consistent with 
the physics of turbulent flows. Hence, this turbulence model has been used in the current 
study. The transport equations (Shih et al., 2008) for the same are given below: 
For turbulent kinetic energy, k –  
డ
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డ
డ௫೔ ൫ߩ݇ݑ௝൯ ൌ
డ
డ௫೔ ൤ቀߤ ൅
ఓ೟
ఙ௞ቁ
డ௞
డ௫ೕ൨ ൅ ௞ܲ ൅ ௕ܲ െ ߩߝ െ ெܻ ൅ ܵ௞  …(10) 
And for turbulent dissipation rate, ε –  
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Where, 
ui,j = Velocity of the flow along ith or jth direction 
μ = Viscosity of the fluid 
ρ = Density of the fluid 
ν = Kinematic viscosity of the fluid 
Pk = Turbulent kinetic energy due to mean velocity gradients = μt*S2 
μt = Turbulent viscosity 
Pb = Turbulent kinetic energy due to buoyancy = ߚ ∗ ݃௜ ∗ ఓ೟௉௥೟ ∗
డ்
డ௫೔ 
ߚ = Coefficient of thermal expansion 
gi = Component of the gravitational vector along ith direction 
Prt = Turbulent Prandtl number for energy = 0.85  
S = modulus of mean rate-of-strain tensor = ඥ2 ௜ܵ௝ ௜ܵ௝ 
ܥଵ ൌ max ൤0.43, ߟߟ ൅ 5൨ , ߟ ൌ ܵ
݇
ߝ	 
The model constants for the Realizable k-ε turbulence model are: 
C1ε = 1.44, C2 = 1.68, σk = 1.0, σε = 1.2, Cμ = not constant 
The standard model constant Cμ has been improved on in Realizable model in 
comparison to RNG and has found to improve the prediction of the turbulent kinetic 
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energy as well as reducing the eddy viscosity values for the flow fields of bluff bodies 
(Wright et al., 1999). 
Another attractive RANS closure model is k-ω for ABL flows which used a new term ω 
(Specific dissipation rate). In order to select the appropriate model between k-ω and 
Realizable k-ε model, another case with k-ω SST model is simulated and their results are 
presented below in Fig. 15. The plot shows very similar results both on the front wall 
(AB), roof (BC) and back wall (CD) for both turbulence models. Hence, all the 
simulations are done using Realizable k-ε model and the results are in good standing with 
past data on similar bluff structure that of the cubic building. 
 
Figure 14: Comparison of different turbulence models 
4.2 Computational Domain Size  
The domain size plays an important role when doing numerical analysis. The domain 
chosen for downburst cases was done after simulating h/D=1 for two different domain 
sizes as described in Case 1B and Case 1C. Fig. 16 shows the pressure coefficients 
plotted for h/D=1 for two different domain sizes. It can be seen that the difference in the 
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results is almost negligible. Hence, the smaller domain was chosen for the current study. 
The width of the domain should be chosen so that the flow develops fully and does not 
create significant reverse flow due to the side walls effect.  
 
Figure 15: Comparison of different domain size for h/D=1 
4.3 Validation 
The results obtained by carrying out this numerical study were discussed in detail in the 
preceding section. Wherever possible, these results will be compared and validated with 
previous literature available in order to authenticate the current work. 
4.3.1 Downburst Flow Fields 
The flow fields for different downburst cases will be plotted and discussed in section 4.4. 
Here, Cases 2 (h/D=2) and 3 (h/D=4) will be compared with past available data in order 
to validate the current work. 
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(a) h/D=2 
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(b) h/D=4 
Figure 16: Validation of current flow fields with previous literature 
Fig. 17 shows the comparison of the current results for the flow fields obtained at 
different radial distances with previous studies done. For h/D=2, we can observe from 
Fig. 17(a) that the maximum velocity is obtained at x/D=1 and it compares well with the 
CFD data from Sengupta et al. 2008. It is interesting to note that the velocity gradient for 
both studies is almost the same but the extent of area covered by the bulge is little 
different. This difference can be attributed to various parameters like the turbulence 
model chosen and the different turbulent characteristics defined during the boundary 
conditions. Another plot showing x/D=2 also compares well with previous data obtained. 
Fig. 17(b) shows the comparison of x/D ratios with previous study of Kim et al. 2007 for 
h/D=4. These also compare very well especially near the ground surface which is of 
utmost importance to the engineers. One of the significant conclusion to be drawn is that 
for different h/D ratios, the maximum radial velocity near the surface is always obtained 
for x/D=1 from the downburst center. 
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4.3.2 Flow Structure Interaction 
The surface pressure coefficients were obtained for different synoptic and non-synoptic 
wind systems in order to make comparisons between the above mentioned flow cases. 
The results will be now compared with previous data available in order to validate them. 
 
Figure 17: Current ABL Case comparison with previous data (adopted and 
modified from Bitsuamlak et al. 2010) 
The surface pressure coefficients obtained from the ABL case simulated using k-ε 
turbulence model has been plotted against the previous data compiled by Bitsuamlak et 
al. 2010 in Fig. 18. It can be seen that the windward side of the cubical building shows 
higher Cp values from the current study when compared to previous experimental and 
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numerical data set available. This is because the most recent k-ε turbulence model 
(Realizable) which no longer over estimates the turbulent kinetic energy and does not 
under predict the flow behavior of the turbulent jets.  
 
Figure 18: Comparison of h/D=1.2 downburst case at x/D=1.25 radial location 
Fig. 19 shows the comparison of surface pressure coefficients on a cubical building 
placed at x/D=1.25 radial distance from the current numerical work and experimental 
study carried out by Chay et al. 2002. It can be seen that for the windward and the 
leeward faces i.e. AB and CD respectively, the values obtained compare very well. The 
Cp on the roof of the building (face BC) are little lower than the experimental data. This 
can be due to various reasons including scaling effects and boundary conditions adopted 
during the wind tunnel experiments or even the type of turbulence model chosen for the 
current study. But, overall it is in very good agreement with the experimental data. It was 
not possible to validate all h/D cases due to limitations on the availability of experimental 
data but as h/D=1.2 case shows a good agreement with the wind tunnel data, it would be 
safe to assume that the results obtained from the other h/D cases are valid and can be 
used for further research. 
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4.4 Downburst Flow Fields 
In this study, the height (h = 2m) of the computational domain has been kept constant and 
has been subjected to a velocity (Vjet) of 10 m/s. The downburst flow fields have been 
studied for three h/D ratios in order to obtain a correlation of how they vary in each case. 
The velocity values have been extracted at various radial distances ‘x’ from the 
downburst center. ‘x’ is the radial distance different from downburst jet center as shown 
in Fig. 20. The values extracted from the simulation data have been normalized with the 
inlet velocity Vjet to compare the results from all three jet diameters at different x/D 
values. 
 
Figure 19: Computational domain simulated for flow field (‘x’ represents the radial 
distance at which the velocity values are extracted)  
Previous study (Hjelmfelt, 1988) indicated that downburst size has the following 
constraint: 0.75 < h/D < 7.5. The reason for limiting it between 0.75 and 7.5 is that for 
h/D < 0.75, the ring vortex has not completely formed and it reaches the ground surface 
without any significant high velocities. For h/D > 7.5, the ring vortex has fully developed 
but due to higher ratio, it loses its intensity as it travels towards the ground and when it 
reaches the ground surface, the vortex is weak and does not produce any devastating 
winds. In this thesis, h/D ratios already mentioned in previous chapters, satisfying this 
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criteria have been chosen for comparison which are h/D = 1, 1.2, 2 and 4 corresponding 
to diameters of 2.0 m, 2.0, 1.0 m and 0.5 m respectively. 
 
Figure 20: Velocity magnitude and horizontal velocity component plot 
The velocity magnitude and the horizontal velocity component differs with height 
extracted at various x/D radial distances are plotted as shown in Fig. 21 for various jet 
diameters. The difference between the two for same h/D and x/D ratio along the height is 
almost negligible. This attributes to the fact that majority of the velocity magnitude 
values comprises of the radial velocity component as the flow develops horizontally. As a 
result, further discussion for the flow field behavior will be based on the radial velocity 
field values. 
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(b) 
Figure 21: (a) Difference of radial velocity normalized by jet velocity versus the 
elevation at different x/D ratios for h/D=1; (b) Line diagram to explain flow 
behavior at x/D=0.5  
It is evident from Fig. 22(a) that for Case 1 (h/D=1),, the downburst flow adopts its 
characteristics shape when x/D>0.5, reaches its maximum intensity at x/D=1.0 and 
gradually becomes less steeper as it goes further away from the downburst center, which 
shows the dependence of the flow pattern on the size of the diameter. It can be clearly 
seen that x/D=0.5 has a notably different profile which is better explained in Fig. 22(b). 
The x/D=0.5 lies inside the axial flow of downburst hence at an elevation of 0.6 m; the 
velocity vector has a vertical as well as horizontal component. Hence, the radial velocity 
profile is non-zero for x/D=0.5 when compared to other x/D ratios. For Case 2 (h/D=2) 
and Case 3 (h/D=4) from Fig. 23 and 24 respectively, the flow reaches its maximum 
intensity at x/D=1.0 which suggests that although the downburst diameter varies, the 
maximum lateral spread of the velocity occurs at x/D=1.0. This observation can be of 
great use for placing the structures in the vicinity of downburst winds.  
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Figure 22: Difference of radial velocity normalized by jet velocity versus the 
elevation at different x/D ratios for h/D=2  
The farthest point of the burst formation of the flow profile is taken as the maximum 
intensity of the flow. For case 1, this is achieved at an elevation of 0.1 m from the ground 
surface whereas for cases 2 and 3, the maximum velocity value is obtained at 0.05 m and 
0.065 m above the ground surface. Another evident feature to be noticed is that in spite of 
being subjected to the same jet velocity, the maximum burst intensity is obtained at 
higher elevation for larger diameter. Also, the lateral motion of downburst causes an 
increase in the peak velocity magnitude as seen in the plots. This denotes the fact that as 
the diameter increases, the downburst jet takes more time to develop the burst as it 
approaches the ground surface and spreads out from the center of the inlet. This 
information can be useful in deciding the height of the structures subjected to 
thunderstorms and designing the reinforcement of structures. 
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Figure 23: Difference of radial velocity normalized by jet velocity versus the 
elevation at different x/D ratios for h/D=4  
In order to visualize the flow fields obtained for all three h/D ratios, velocities at the XY-
plane sections at the center of the computational domain have been plotted (Fig. 25) for 
all three cases which clearly show the difference in the development of the flow field for 
different diameters. It can be seen that larger size downburst has a higher depth of flow in 
the lateral direction when compared to smaller downburst diameters. 
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Figure 24: XY-plane section at the center of the computational domain for Cases 1, 
2, 3 
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It is evident from the Fig. 25 that the axial velocity decreases as it approaches the ground 
and also, the extent to which it spreads horizontally is directly proportional to the size of 
the downburst. It should be noted that in spite of having approximately the same value for 
maximum velocity, its difference along the vertical direction is not same. Also, the flow 
field is more concentrated for small size downburst and its extent of horizontal spread 
diminishes quickly whereas this is vice versa for large size downburst flow. 
Fig. 26 shows the XZ-plane sections of the velocity along the base of the domain. We can 
clearly see how the downburst intensity develops in horizontal direction of the flow near 
the ground surface. The maximum intensity for Case 1 is seen away from the center of 
the downburst flow which means positive pressure coefficients are anticipated in those 
regions whereas the region directly below the center of the downburst will develop 
suction due to lower velocity. It should also be noted that the maximum velocity values 
are not same for all three cases as seen for XY-plane sections. This indicates that as the 
size of the downburst decreases, the intensity with which it reaches the ground surface 
also decreases. Since we now know how the burst formation would take place in a 
downburst event, we can apply and check the behavior of a bluff body at x/D locations 
subjected to such wind field. It would also be advisable to vary the location of the bluff 
body with the respect to the downburst center as to investigate how the velocity and 
pressure fields vary with location of the downburst. 
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Figure 25: XZ-plane section at the ground surface for Cases 1, 2, 3 
4.5 Flow Structure Interaction 
The mean pressure coefficients along the centerline of the cube have been extracted from 
the simulation data for various cases described above. The pressure coefficients obtained 
from various cases of downbursts have been compared amongst themselves as well as 
with those obtained from traditional ABL flow. 
49 
 
It is to be recalled that the velocity reference height at the building roof height is used to 
extract the pressure coefficients for ABL flows similar to various code practices for 
synoptic wind systems, but whether to use the same or not for non-synoptic wind systems 
is debatable.  As mentioned earlier, the downburst flow does not follow the ABL velocity 
profile as shown in Fig. 1. The maximum velocity of the downburst is experienced close 
to the ground surface; the location of the max wind speed is expected to vary depending 
on the size of the downburst and the location of the building with respect to the center of 
the downburst. Hence it will be challenging to adopt a “reference height” for downburst. 
Hence in the present study two different ways of referencing will adopted. The first one 
pertains when comparing pressure coefficients among different downburst sizes and 
location. In this case the recommended reference velocity is the jet velocity. However 
while comparing ABL with downburst, the local velocity at roof height for the particular 
downburst at a particular horizontal and vertical location of the leading roof height with 
respect to the downburst center shall be considered. It is to be noted that the velocity is 
measured (or extracted from the numerical model) before placing the building.  
4.5.1  Pressure coefficient comparison for downburst cases 
The line diagram shown in Fig. 27 depicts the position of the cube for different 
downburst sizes. The surface pressure coefficients on the centerline ABCD (Fig. 28) of 
the cube surfaces have been extracted for Cases 1A (h/D=1, radial distance x=0), 1B 
(h/D=1, radial distance x=2.5, 1C (h/D=1, larger domain), 1D (h/D=1.2, radial distance 
x=2.5), 3A (h/D=4, radial distance x=0) and 3B (h/D=4, radial distance x=2.5). Due to 
the symmetry of the computational domain, same values of surface pressure coefficients 
hold true for an identical structure placed at the same radial distance from the downburst 
center in any direction. As we can see, the larger diameter downburst engulfs the whole 
cube in its flow field for both locations where as the small size downburst partially 
engulfs the cube in its radial flow. The pressure coefficients have been normalized by the 
downburst inflow velocity (Vjet = 10 m/s) in order to facilitate the comparison between 
different downburst flow cases.  
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(a)                                                                                 (b) 
Figure 26: Various cases of cubical building subjected to downburst flow: (a) 
Smaller diameter and (b) Larger diameter cases 
 
 
Figure 27: Centerline ABCD in 3D domain where the pressure coefficients are 
measured  
From Fig. 29(a), for the centerline ABCD, we can observe that the maximum values of 
Cp are obtained from Case 1A. For case 3A, where the downburst size is smaller, it has 
high Cp value only on the face BC where the flow impinges on the cube and then spreads 
out on face AB and CD leading to smaller Cp values. This is due to the formation of 
vortices along the sides of the cube as a result of flow separation at the corners of the 
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cubical building. From Fig. 29(b), we observe that Case 1B has same range of Cp values 
as Case 1A and this means that for larger diameters, the flow can travel further vertically 
as well as horizontally with high intensity near ground surface. The Cp values are almost 
zero for case 3B which means that as the size of the downburst decreases, its horizontal 
spread along the ground surface de and the intensity with which the flow travels also 
decreases. The depth of the horizontal flow for larger downburst diameter (h/D=1, 1.2) 
covers the face AB entirely and the flow separates at point B. As a result, positive 
pressure coefficients are created on face AB and suction on BC and CD. The results from 
Case 1C which has a larger domain for same h/D=1.0 ratio has exactly the same results of 
Case 1B. This proves that the size of the current computational domain chosen is 
appropriate and the flow is not reversed due to the side wall effect. Values obtained for 
h/D=1.2 are also plotted which have obtained for validation purpose with past data. This 
shows the interdependence of the Cp values on the downburst size and the location of the 
downburst with respect to the structure. The under prediction of negative surface pressure 
coefficients can be attributed to the over prediction of wake recirculation and 
corresponding lack of velocity (Wright et al., 2003).  
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(b) 
Figure 28: Pressure coefficient comparisons for current study for different 
downburst cases at (a) x=0 and (b) x=2.5  
4.5.2 Pressure coefficient comparison between downburst and 
ABL flow 
As seen in the Fig. 30, we can see the difference between the velocity profile for a 
traditional ABL flow and downburst flow. It is obvious that both reach their peak 
velocity values at different elevations. The ABL case reaches its maximum velocity at a 
much higher elevation whereas the downburst flow reaches its peak value near the 
ground surface. Hence, the structures in the vicinity of the downburst flow get greatly 
affected and develop higher forces in comparison to ABL flow. Hence, it is important to 
study the behavior and difference of pressure coefficients of a structure subjected to both 
these cases. 
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Figure 29: Line diagram for ABL and downburst flow profile 
Fig. 31 shows the XY-plane sections passing through the center of the cubical building in 
order to differentiate between the developments of the velocity fields around the cube for 
various cases. The enlarged views of the flow fields around the cube give a better 
understanding of the vortex formation and flow separation phenomenon. 
 
Case 1A (h/D=1, x=0) 
 
Case 1A (h/D=D, x=0) enlarged 
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Case 1B (h/D=1, x=2.5) 
 
Case 1B (h/D=D, x=2.5) enlarged 
 
Case 3A (h/D=4, x=0) 
 
Case 3A (h/D=4, x=0) enlarged 
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Case 3B (h/D=4, x=2.5) 
 
Case 3B (h/D=4, x=2.5) enlarged 
 
Case 4 (ABL flow) and enlarged view 
Figure 30: XY-plane sections passing through the center of the computational 
domain and their enlarged views for all cases  
Fig. 31 shows the formation of the velocity fields around the cube for various cases and 
their enlarged views for better understanding. For Cases 1A and 3A where the cube is 
placed directly beneath the downburst, we can see that the flow impinges on the top 
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surface of the cube and separates at the corners. This creates suction on the sides as seen 
in the pictures and vertices are also formed. It is found that the vortex formation takes 
place due to the development of shear layers due to Kelvin-Helmholtz instability as the 
flow progresses towards the ground surface (Letchford et al., 2002). This instability is 
caused due to a high difference in wind velocity of the downburst approaching the ground 
surface and the surrounding atmospheric air. In Cases 1B and 3B, when the cube is at a 
radial distance from the downburst, the impingement face changes and the flow separates 
sharply at corner C  where it hits and generates vertices along the top and the leeward 
side of the oncoming flow path. This is similar to the flow separation and vertex 
formation in traditional ABL case which is depicted in Case 4. As mentioned previously, 
it should be noted that the depth of the velocity along the ground surface is higher when 
compared to smaller diameter downburst and hence, the similarity with ABL can be seen 
for large downburst phenomenon. Since the downburst-structure interaction for the cases 
where the building is placed at a radial distance shows a similar flow separation pattern 
as of ABL, these cases will be compared to get an idea of the difference in pressure 
coefficient values. 
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Figure 31: Pressure coefficient comparisons for downburst and ABL cases 
The surface pressure coefficient have been extracted along the centerlines of the cube 
faces ABCD and have been normalized by the velocity value obtained at the height of the 
structure for the purpose of comparing the downburst and boundary layer flow. Whether 
to adopt this method for normalizing the pressure coefficients for the downburst cases is 
debatable as the top face of the cube subjected to the downburst flow has different 
velocity on its surface depending on the size and location of the downburst. In the current 
study, the velocity value at the height of the face where the flow acts is taken into 
consideration for all cases. The reason to do this is there is a high velocity value along the 
center of the top face which gradually decreases as it spreads out and becomes very low 
for rest of the cube faces. If the high value at the center is adopted, then it may lead to 
incorrect pressure coefficients which in turn would make the design forces and moments’ 
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values highly conservative. From Fig. 32, for cases 1B and 3C, the Cp values almost 
overlap each other which explain that the larger domain simulated in order to check the 
wall dimensions has no significantly different results. Although the pressure distribution 
follows the same pattern for downburst and ABL cases, the Cp values obtained from 
downburst cases are comparatively much higher than those of boundary layer flow. This 
difference in values is especially on windward face AB where the downburst flow has 
high velocity and after that it separates at point B and creates negative pressure 
coefficients for all cases due to vortex formation. Also, it should be noticed from Fig. 32 
that the cube is completely engulfed in the flow for large diameter and hence it follows 
similar pressure distribution pattern as that of boundary layer flow.  
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Chapter 5  
5 Conclusion 
The motive of this thesis was to numerically investigate using CFD the flow behavior of 
different downburst sizes and study the surface pressure coefficients on a bluff body 
subjected to synoptic (ABL) and non-synoptic (downburst) wind systems. Comparisons 
were made for different downburst cases and boundary layer case to systematically assess 
the effect of downburst size and placement of the structure at different radial distances 
from the downburst center. 
5.1 Downburst Flow Fields 
Downburst flow fields have been simulated for three downburst sizes, h/D=1, 2 and 4. It 
is observed that the largest size of downburst spreads the most horizontally and vertically 
with maximum intensity. It is observed that smaller downburst is more concentrated on 
the impingement area and does not spread laterally considerably. Another observation 
made from the results obtained is that the downburst intensity decreases as it travels 
towards the ground surface but at the same time, the characteristics ‘nose’ or more 
commonly, the burst formation is directly proportional to the size of the diameter. For all 
downburst diameters, the maximum velocity near the ground surface is obtained at x/D=1 
radial distance from the downburst center.  
5.2 Downburst Structure Interaction 
A cubical building aptly representing the aerodynamic properties of a bluff body has been 
subjected to different downburst sizes and the effect of radial locations with respect to 
downburst center has also been investigated. The results obtained suggest that downburst 
with larger size engulfed the entire structure resulting in a  higher surface pressure fields 
which in turn would result in higher structural loads. The depth of the radial flow of the 
downburst is greater for larger diameter and hence behaves like a boundary layer flow 
when subjected to a building lying at some x/D location. It exhibits a similar flow 
separation and wake region as found in ABL cases but only with higher surface pressure 
coefficients. The burst formation depends on the size and intensity of the downburst. In 
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addition downburst effect on   the structure is strongly dominated by the location of the 
structure with respect to the center of the downburst.  
The surface pressure coefficients obtained from downburst flow fields at the building 
height are almost 66% higher in magnitude on the windward face of the structure when 
compared to those obtained from the traditional boundary layer profile. This could be 
attributed the high intensity flow near the ground for downburst cases. Thus 
consideration of downburst load cases for low-structure is warranted.  
5.3 Limitations of the Current Study 
The present study is limited to steady cases and the simulations carried out in this thesis 
used Realizable k-ε turbulence modelling, which is assumed to over-estimate the 
turbulent kinetic energy values. In the future it can be expanded to cover transient 
simulations and more accurate turbulence models like Reynolds Stress Models, or Large 
Eddy. 
The restraining criterion of the downburst domains from previous literature is given as 
0.75<h/D<7.5. But, for the current work, only representative h/D ratios equaling 1, 2 and 
4 have been considered. Hence, the results discussed may not hold true for h/D ratios 
greater than 4 or less than 1 although they are expected to do so. 
The pressure coefficients obtained at the building height from downburst cases for 
comparison with boundary layer flow, have used the velocity value at the corner of the 
windward face from downburst flow point of view. Whereas in reality, the velocity 
profile is different along the edges and at the center of the roof for any structure subjected 
to downburst event.  
5.4 Future Aspects of the Study 
Based on the results obtained from the current study, it is proposed that the investigation 
of downburst flow behavior should be done at more h/D and x/d ratios for different 
domain sizes. This can be adopted by different the downburst size which has been done 
in this thesis, or by different the height of the domain in which the flow is simulated. 
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Transient simulations, effects of ground roughness using more accurate turbulence 
models can be considered in the future study. More experimental work using facilities 
like WindEEE (Wind Engineering, Environment and Energy) Dome is to be done for 
validating the numerical data.  
The surface pressure coefficients’ discussion carried out in this thesis was limited to 
mean values and considered only simple geometry. In the future, peak values and more 
complex geometry can be considered.  Further work is required for structures placed at 
more diverse radial locations with respect to downburst center and also exposed to 
different downburst sizes. 
The last aspect investigated in this thesis was the comparison of surface pressure 
coefficients obtained from the cube subjected to downburst and ABL flow. It was found 
that downburst case gave considerably higher pressure coefficients when compared to 
those obtained from boundary layer case. But, as mentioned in Chapter 4, the pressure 
coefficients have been extracted by normalizing it with the velocity magnitude obtained 
at the building height. For the building subjected to downburst flow, different velocities 
are obtained along the roof surface of any building; hence, the critical velocity value to 
obtain the pressure coefficients is debatable. More insight is required as to how the 
pressure fields at building height for downburst flows are measured which are further 
used to obtain the structural forces and moments. 
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